Abstract 2-Styrylchromones are a novel class of chromones, vinylogues of flavones (2-phenylchromones), which have recently been found in nature. The best described property of almost every group of flavones and other flavonoids, especially the hydroxylated derivatives, is their capacity to act as antioxidants. Indeed there is a widely accepted view that the positive health effects of flavones are due to their antioxidant activity. As oxidative stress is a main cause of liver toxicity induced by several hepatotoxicants, agents with the ability to protect the liver against reactive pro-oxidant species may be therapeutically useful. The present study evaluated the possible protective activity of six new synthetic polyhydroxylated 2-styrylchromone derivatives against the pro-oxidant hepatotoxicity exerted by tert-butylhydroperoxide (t-BHP) in freshly isolated rat hepatocytes. The cells were preincubated with the 2-styrylchromones in the final concentrations of 3.125, 12.5, 25, 50, 100, and 200 lM for 5 min before treatment with 1.0 mM t-BHP for 30 min (throughout this incubation period the cells were exposed to both compounds). The well-known antioxidant 3-hydroxyflavone (quercetin) was used as positive control. At the end of the 30-min incubation period, aliquots of cells suspensions were taken for measurement of lactate dehydrogenase leakage, thiobarbituric acid reactive substances, reduced glutathione, and oxidized glutathione contents. The tested compounds exhibited in vitro protective activity against t-BHP induced hepatotoxicity (1.0 mM, 30 min). Three of the tested compounds, at the concentrations of 3.125, 12.5, 25, and 50 lM, prevented the t-BHP induced glutathione depletion, lipid peroxidation, and cell death in freshly isolated rat hepatocytes to a comparable potency with that of quercetin.
Introduction 2-Styrylchromones are a novel class of chromones, vinylogues of flavones (2-phenylchromones), which have recently been found in nature, specifically the compounds hormothamnione and 6-desmethoxyhormothamnione in the marine blue-green algae Chrysophaem taylori (Gerwick 1989; Gerwick et al. 1986 ). Before and after the isolation of natural 2-styrylchromones several analogues of these compounds have been synthesized and tested in different biological systems. The natural derivatives demonstrated cytotoxic activity against leukemia cells (Gerwick 1989; Gerwick et al. 1986) , and those obtained by synthesis exhibited antiallergic (Doria et al. 1979) , antiviral (Desideri et al. 2000) , antitumor (Brion et al. 1991) , antagonism of A 3 adenosine receptor (Karton et al. 1996) , and xanthine oxidase inhibitor properties. Notwithstanding, the best described property of almost every group of flavones and other flavonoids, especially of the hydroxylated derivatives, is their capacity to act as antioxidants. Indeed it is widely accepted that the positive health effects of flavonoids is due to their antioxidant activity (Nijveldt et al. 2001) . Since oxidative stress is a main cause of liver toxicity induced by several hepatotoxicants, agents with the ability to protect the liver against reactive pro-oxidant species may be therapeutically useful. This is true for several polyhydroxylated flavonoids which have already been shown to be hepatoprotective, as is the case of kolaviron (a mixture of Garcinia biflavonoids; Farombi et al. 2000) , catechins (Kagaya et al. 2002) , quercetin (Gilani et al. 1997) , tilosiride (Matsuda et al. 2002) , and morin (Wu et al. 1993) . Therefore, although such an effect could be expected from polyhydroxylated 2-styrylchromones, it has yet to be experimentally demonstrated. Thus the aim of the present study was to evaluate the possible protective activity of six synthetic polyhydroxylated 2-styrylchromones ( Fig. 1) against the tert-butylhydroperoxide (t-BHP) induced pro-oxidant hepatotoxicity in freshly isolated rat hepatocytes. Quercetin (Fig. 1) was tested in the same experimental conditions as positive control.
Materials and methods

Chemicals
All reagents were of analytical grade. The following reagents were obtained from Sigma (St. Louis, Mo., USA): collagenase (grade IV), t-BHP, bovine serum albumin, hydroxyethylpiperazine ethanesulfonic acid (HEPES), reduced glutathione (GSH), oxidized glutathione (GSSG), glutathione reductase (EC 1.6.4.2), 5,5¢-dithio-bis-(2-nitrobenzoic acid) (DTNB), b-nicotinamide adenine dinucleotide phosphate reduced form (b-NADPH), b-nicotinamide adenine dinucleotide reduced form (b-NADH), quercetin, 2-thiobarbituric acid (TBA), and 2-vinylpyridine.
The 2-styrylchromones tested in the present study were synthesized from 2¢-hydroxyacetophenones and cinnamic acid derivatives (Pinto et al. 1998 (Pinto et al. , 2000 .
Animals
Housing and experimental treatment of the mice were conducted under the European Community guidelines for the use of experimental animals (European Convention for the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes, 1986 , and Protocol of Amendment to the European Convention for the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes, 1998). Adult male Wistar rats weighing 200-250 g were used. The rats were kept in polyethylene cages lined with wood shavings with wire mesh at the top and acclimatized at 20±2°C, humidity 40-60%, and 12/12 h light/dark cycle. The animals had free access to standard rat chow and tap drinking water, and were kept in our facilities for at least 2 weeks prior to use. Surgical procedures for the isolation of hepatocytes were performed under anesthesia and carried out between 10 a.m. and 11 a.m.
Isolation of hepatocytes
The isolation of hepatocytes was performed by collagenase perfusion as previously described (Fernandes et al. 1995) . The initial viability of the isolated hepatocytes was always higher than 85%, as estimated by the trypan blue exclusion method. Incubations were performed at 37°C in suspensions of 10 6 viable cells per milliliter in 12.5 mM Krebs-Henseleit-HEPES buffer (pH 7.4) and aerated with a stream of carbogen (95% O 2 and 5% CO 2 ). The hepatocytes were always preincubated for 60 min at 37°C before the beginning of the experiments.
Studies of hepatoprotection
The cells were preincubated with 10 ll/ml of the studied 2-styrylchromones dissolved in DMSO in the final concentrations of 3.125, 12.5, 25, and 50 lM for compounds 1a, 1b, and 1c (bearing a catechol group in the styryl moiety), and 25, 50, 100, and 200 lM for compounds 2a, 2b, and 2c (bearing a phenol group in the styryl moiety: Fig. 1 ) for 5 min before treatment with 1.0 mM t-BHP for 30 min (throughout this incubation period the cells are exposed to both components). The well-known antioxidant quercetin was used as positive control in these experiments. The cells were preincubated with 10 ll/ml quercetin dissolved in DMSO at the same final concentrations for 5 min before treatment with 1.0 mM t-BHP for 30 min. At the end of the experiments aliquots of cells suspensions were taken for measurement of lactate dehydrogenase (LDH) leakage, thiobarbituric acid reactive substances (TBARS) and reduced glutathione (GSH) and oxidized glutathione (GSSG) contents.
Analytical procedures
Cell death was determined spectrophotometrically by quantification of LDH activity in the incubation medium vs. total LDH activity in the cells homogenate. The results are shown as percentages of control cell viability.
The extent of cellular lipid peroxidation was determined indirectly by the malondialdehyde formation after the breakdown of polyunsaturated fatty acids, as described previously (Fernandes et al. 1995) . Briefly, 250 ll aliquots of cell suspensions were precipitated with 500 ll of 10% trichloroacetic acid and centrifuged for 20 s at 6000 rpm. We added 500 ll of the supernatant with an equal volume of 1% thiobarbituric acid, and the mixture was heated during 10 min in a boiling water bath and allowed to cool, being the absorbance measured at 535 nm.
The glutathione content of cell suspensions was determined by the DTNB-GSSG reductase recycling assay as described previously (Anderson 1985) with some modifications. Briefly, 200 ll of cell suspension were added to 200 ll of 10% (w/v) perchloric acid for Fig. 1 Chemical structures of the tested 2-styrylchromones and of quercetin protein precipitation and centrifuged for 10 min at 13000 rpm, 4°C. Perchloric acid was then neutralized with an equimolar concentration of KHCO 3 , and a new centrifugation was performed for 1 min at 13,000 rpm, 4°C. Supernatant aliquots were taken for measurement of total glutathione following the DTNB reduction at 415 nm and compared with a standard curve. The final concentrations in the assay were 0.6 mM DTNB, 0.21 mM NADPH, and 2 U/ml GSSG reductase. For the GSSG determination 100 ll acidic supernatant aliquots were treated with 5 ll 2-vinylpyridine and mixed continuously for 60 min for derivatization of GSH. GSSG was then measured as described above for total glutathione. The GSH levels were calculated by subtracting GSSG content from the total glutathione content. Of note, none of the studied compounds interfered with this assay when assayed with standards (data not shown).
Statistical analysis
Data are expressed as mean±SEM (n=4 or 5; cells obtained from four or five rats). Significant differences between t-BHP treated cells and t-BHP plus hepatoprotective compound treated cells were determined by one-way analysis of variance followed by Fisher's probabilistic least significant difference test. Differences were considered significant withP values at or less than 0.05.
Results
Figures 2 and 3 show GSH and GSSG levels, lipid peroxidation, and the viability of isolated hepatocytes in control conditions after t-BHP induced alone-treatment (1.0 mM, 30 min) and after pretreatment with 2-styrylchromones 1a, 1b, and 1c or quercetin and treatment with t-BHP. The results obtained for the same biological parameters from the studies with the tested 2-styrylchromones 2a, 2b, and 2c are presented in Figs. 4 and 5. As expected, incubation of the cells with t-BHP resulted in a significant depletion of GSH, GSSG formation, and increase in lipid peroxidation, with a consequent significant decrease in cell viability (Figs. 2, 3, 4, 5) .
The results obtained with the 2-styrylchromones 1a, 1b, and 1c clearly show that these compounds exhibit in vitro protective activity against t-BHP-induced hepatotoxicity. In the studied concentrations (3.125, 12.5, 25, and 50 lM) these compounds prevented t-BHP-induced glutathione depletion and GSSG formation (Fig. 2) as well as lipid peroxidation and cell death (Fig. 3) in freshly isolated rat hepatocytes, in a concentrationdependent manner, with a similar potency among them and also comparable with that of quercetin. Of note, the prevention attained for cell viability and lipid peroxidation was virtually complete for the highest concentration tested (50 lM) (Fig. 3) while the protection against GSH depletion and GSSG formation was not complete (Fig. 2) .
The results obtained with the 2-styrylchromones 2a, 2b, and 2c demonstrate that its in vitro protective activity against t-BHP induced hepatotoxicity is much lower than that of the catechol derivatives. In fact, in order to achieve protection the tested concentrations had to increase substantially (25, 50, 100, and 200 lM). Nevertheless, it was also observed a concentrationdependent prevention of t-BHP induced loss of cell viability and t-BHP induced increase in lipid peroxidation (Fig. 5) , whose levels almost reached the control values at the highest concentration tested. Again, no clearcut difference was observed in what concerns to the potency among 2a, 2b, and 2c 2-styrylchromones. Interestingly, these three compounds were devoid of a protective effect against t-BHP-induced depletion of GSH and formation of GSSG (Fig. 4) for any of the tested concentrations, although a non-concentrationdependent protective trend was noted.
Discussion
The use of t-BHP has been generally accepted to induce oxidative damage to isolated hepatocytes in studies of hepatoprotection. t-BHP is metabolized to tert-butyl alcohol by glutathione peroxidase, in isolated rat hepatocytes, with consumption of GSH and production of GSSG (Sies and Summer 1975) . Under severe exposure to t-BHP the reduction of GSSG by glutathione reductase or the regeneration of NADPH may be insufficient, which results in the accumulation and export of GSSG Fig. 2 Effect of pretreatment with 2-styrylchromones 1a, 1b, and 1c, and quercetin on reduced and oxidized glutathione (GSH and GSSG) of hepatocyte suspensions treated with t-BHP (1.0 mM) for 30 min (mean±SEM), n=4 or 5. **P<0.01 vs. cells treated only with t-BHP from the cells. A dramatic depletion of intracellular GSH may increase cellular susceptibility to irreversible injury by oxidative stress, namely by free radicals. Another characteristic of t-BHP-induced hepatotoxicity is the metabolic formation of the corresponding peroxyl and alkoxyl radicals catalyzed by the cytochrome P-450 system (Cadenas and Sies 1982) . These are the oxygen reactive species implicated in the initiation and propagation of lipid peroxidation as well as in glutathione oxidation (Bellomo et al. 1982; Fernandes et al. 1995; Jewell et al. 1986; Rush et al. 1985) . t-BHP-induced alkylation of cellular macromolecules or oxidation of thiol groups in cellular proteins has also been reported (Farghali et al. 2000) . These events are followed by formation of surface blebs in the plasma membrane as well as the leakage of cytosolic enzymes in the incubation medium. In accordance with the mechanism of toxicity of t-BHP, it has been shown before that the deleterious effects of t-BHP can be prevented by antioxidants and free radical scavengers (Fernandes et al. 1995; Jewell et al. 1986; Joyeux et al. 1990) .
The data reported here demonstrate that all studied 2-styrylchromones exhibit hepatoprotective activity against acute t-BHP toxicity in vitro. The protective effect of both groups of 2-styrylchromones was reflected on the preservation of the integrity of the plasma membrane. However, it was evident that the styrylcatechol-derivatives were much more potent than the styrylphenol derivatives. The differences between the two groups of compounds were also observed in what concerns the qualitative and quantitative preservation of biochemical homeostasis. In fact, while the hepatoprotective effect for 2-styrylchromones 1a, 1b, and 1c involves the prevention of lipid peroxidation and the inhibition of GSH depletion and of GSSG formation at concentrations ranging from 3.125 to 50 lM, the 2-styrylchomones 2a, 2b, and 2c only partially prevented lipid peroxidation, and had no effect on glutathione levels, at concentrations ranging from 25 to 200 lM.
Hepatic glutathione plays a central role in cellular detoxication of xenobiotics as well as of endogenous reactive intermediates. Rush et al. (1985) have shown that in isolated rat hepatocytes, depletion of intracellular GSH prior to t-BHP exposure results in greater lipid peroxidation and increased cell death than isolated rat hepatocytes without GSH depletion prior to t-BHP exposure. These authors also indicated that lipid peroxidation does not play a major role in t-BHP induced liver cell injury because no prevention of cell death occurred in isolated rat hepatocytes cotreated with t-BHP and the antioxidant promethazine, in spite of a complete blockade of lipid peroxidation. It has also been reported that in isolated rat hepatocytes the depletion of intracellular GSH by pretreatment with diethylmaleate potentiates t-BHP induced cell toxicity with enhanced depletion of protein thiols even in the absence of lipid peroxidation (Jewell et al. 1986 ). In the present study the concomitant protective effect on glutathione levels, lipid peroxidation, and cell death obtained for low concentration of the styrylcatechol derivatives are in accordance with the importance of the preservation of high levels of endogenous GSH for the protection against t-BHP-induced cell injury. However, the protective effect obtained with the phenol derivatives indicates that the direct prevention of lipid peroxidation, on its own, also plays an important role in the final outcome. Noteworthy, it was already shown that an hepatoprotective effect against t-BHP induced lethality in isolated hepatocytes may be achieved by ruthenium red without affecting either glutathione depletion, lipid peroxidation, or adenosine triphosphate depletion (Groskreutz et al. 1992) . It is possible that part of the protective effect elicited by the phenol derivatives may be due to the inhibition of cytochrome P-450, which would then decrease the formation of free radicals but increase the availability of t-BHP to be metabolized to tert-butyl alcohol by glutathione peroxidase leading to the formation of higher quantities of GSSG. However, this hypothesis was not further evaluated in the present study due to the fact that the styrylphenol derivatives were the less interesting in the viewpoint of the studied therapeutic effect.
The antioxidant properties (and thus protective propreties against pro-oxidant hepatotoxicants) of flavonoids have been attributed to their scavenging of lipid alkoxyl and peroxyl radicals through hydrogen donation, to the repair of oxidized proteins, to the regeneration of a-tocopherol by a-tocopheroxyl radical reduction, to their chelation potential of transition metal ions, and also to the inhibition of xanthine oxidase Filipe et al. 2002; Nijveldt et al. 2001; Rice-Evans et al. 1996) . The chemical structure of the compounds assayed in the present study is characterized by the presence of a benzopyrone moiety, which is a common feature of flavones with a C 2 -C 3 double bond and a styrylcatechol or styrylphenol in C 2 (Fig. 1) . Structure-activity relationship studies of flavonoids have shown that the o-dihydroxy structure in the B ring and the 2,3 double bond in conjugation with the 4-oxo function in the C ring (as in flavones) are essential for effective free radical scavenging activity (Bors et al. 1990 ; Pannala and Rice-Evans 2001 and references therein). The presence of a 3-hydroxyl group in the heterocyclic ring also increases the radical-scavenging activity of flavonols, while additional hydroxyl groups at positions 5 and 7 of the A ring appear to be less important. These structural features contribute to increasing the stability of the aroxyl radical, i.e., the antioxidant capacity of the parent compound. Hence our results are in accordance with previous structureactivity relationship studies of flavonoids, although further studies with new modified styrylchromones need to be performed to clarify these relationships. Interestingly, although the styrylcatechol derivatives assayed in the present study lack the 3-hydroxyl group in the heterocyclic ring their activity was similar to that of quercetin, which has it in its structure. This indicates that the styryl moiety may further contribute for the stabilization of the aroxyl radical in the molecule. Nonetheless, the present results confirm that the hydroxyl groups at positions 5 and 7 of the A ring are of low importance for the antioxidant effect. Noteworthy, the styrylcatechol linked to the benzopyrone moiety is common to caffeic acid, also an antioxidant compound with a potent hepatoprotective activity (Pe´rez-Alvarez et al. 2001) . However, in conflict with our findings, the 4-monohydroxyl derivative of caffeic acid prevented the alteration of almost all of the hepatic injury markers induced by another hepatotoxicant (CCl 4 ) administration, with a greater efficacy than caffeic acid itself (Pe´rez-Alvarez et al. 2001) . This may be due to other effects, such as the inhibition of either cyclooxygenase or lipoxygenase (or both) activity (Pe´rez-Alvarez 1993) . Of note, the three 2-styrylchromones shown to be highly hepatoprotective in the present study have already been shown to be outstanding inhibitors of xanthine oxidase and scavengers of superoxide radicals (Fernandes et al. unpublished observations) which increases the interest for the use of such compounds in diseases in which the overproduction of superoxide radicals plays an important role. In conclusion, the results obtained in this study show that the tested compounds exhibit in vitro protective activity against t-BHP-induced hepatotoxicity and may be considered as new excellent antioxidants and potential therapeutic agents against pro-oxidant hepatic injuries. After combination of all data, three 2-styrylchromones, 1a, 1b and 1c, may be selected as the most promising for further investigation.
